A-and C-fiber evoked ventral root potential (VRP) responses have been examined in isolated spinal cord preparations maintained in vitro that were taken from young rats in which behavioral hyperalgesia (thermal and mechanical) was induced following UV irradiation of one hindpaw. Evoked VRPs were compared with those in naive untreated animals. The duration of both the A-and C-fiber evoked VRP was significantly increased in UV-treated animals. The amplitude of the summated VRP evoked by repeated low-frequency (1.0-5.0 Hz) C-fiber stimulation, a measure of windup, was significantly greater in UV-treated animals.
In UV-treated animals, repeated low-frequency (1 .O-5.0 Hz) stimulation of A-fiber inputs to the spinal cord also evoked a significant summated VRP, which was not observed in spinal cords from untreated animals. In naive animals the prolonged VRP evoked following single shock C-fiber stimulation was significantly antagonized by the NMDA receptor antagonist D-AP5 and the NK2 receptor antagonist MEN,10376 but not by the NKl receptor antagonists CP-96,345 or RP,67560. Summated VRPs evoked by repeated C-fiber stimulation in naive animals were significantly antagonized only by D-AP5. In hyperalgesic animals the prolonged VRP evoked by C-fiber stimulation was significantly reduced by NKl, NK2, and NMDA antagonists. The summated VRP was also significantly reduced by these antagonists.
In both untreated and UV-irradiated animals the single shock evoked A-fiber ventral root response was significantly antagonized only by D-AP5. However, the summated VRP evoked by repeated A-fiber stimulation in UVtreated animals was also significantly reduced by NMDA, NKl , and NK2 receptor antagonists.
The present study has demonstrated enhanced A-and C-fiber evoked responses in the rat spinal cord in vitro following induction of a peripheral injury by UV irradiation and which was associated with behavioral hyperalgesia to thermal and mechanical stimuli. Under this condition, repetitive stimulation of A-fiber primary afferents was capable of producing an enhancement of spinal excitability similar to that evoked by C-fibers in normal animals. Furthermore Peripheral tissue injury produces prolonged changes in the function of the nervous system. The hypersensitivity that results as a consequence of tissue injury and inflammation is due to an increased sensitivity of nociceptors that innervate the area of peripheral damage (peripheral sensitization; Bessou and Perl, 1969; Campbell et al., 1979; LaMotte et al., 1982) and to changes in the excitability of neurons within the spinal cord (central sensitization; Woolf, 1983; Treede et al., 1992) . The induction of central sensitization is critically dependent upon the activation of nociceptive afferent fiber inputs (Wall and Woolf, 1984; Woolf and Wall, 1986) and has been observed following brief electrical stimulation of high-threshold afferent fibers (Cook et al., 1987; Woolf and King, 1990) , the application of chemical irritants to human and animal skin (Hoheisel and Mense, 1987; Simone et al., 1989; Dougherty and Willis, 1992; LaMotte et al., 1992) and following peripheral inflammation (Schaible et al., 1987; Hylden et al., 1989) . A unique property of those primary afferent fibers responsible for the induction of central sensitization is their ability to evoke prolonged postsynaptic potentials in spinal cord neurons (Price et al., 1971; Urban and Randic, 1984; Yoshimura and Jessel, 1989; Thompson et al., 1990) . These long-duration excitatory postsynaptic potentials (EPSPs) undergo pronounced temporal summation following low-frequency repetitive stimulation (Thompson et al., 1990 ) that results in a cumulative membrane depolarization and prolonged afterdischarge (Thompson et al., 1990; Sivilotti et al., 1993) and that underlies the phenomenon of "windup" (Mendell, 1966; Thompson et al., 1993b) . Using a technique similar to that of Luscher et al. (1979) for recording postsynaptic population potentials, these long-duration EPSPs may also be recorded extracellularly as a prolonged ventral root potential (VRP) from in vitro spinal cord preparations (Akagi et al., 1985; Evans, 1986; Thompson et al., 1992) . These prolonged VRPs also exhibit pronounced temporal summation following repeated high-intensity electrical stimulation of an ipsilateral dorsal root (Thompson et al., 1992 (Thompson et al., , 1993a . This closely mimics the temporal summation of EPSPs and windup recorded intracellularly from spinal cord neurons in viva and in vitro (Price et al., 1971; Woolf and King, 1989; Thompson et al., 1990) .
Previous studies have implicated the involvement of the NMDA class of excitatory amino acid (EAA) receptor in the generation of slow synaptic potentials, windup, and injury-induced sensitization in the spinal cord (Davies and Lodge, 1987; Dickenson and Sullivan, 1987; Gerber and Randic, 1989a; Schneider and Perl, 1989; Thompson et al., 1990; Yoshimura and Jessel, 1990; Woolf and Thompson, 1991; Coderre and Melzack, 1992) . In addition to the release of EAA transmitters, C-fiber activation uniquely results in the release of neuropeptides (Go and Yaksh, 1987) that are contained within the same afferent terminals in the superficial spinal cord (Battaglia and Rustioni, 1988) . The neurokinins substance P (SP) and neurokinin A (NKA) are present along with distinct receptors within the mammalian spinal cord that mediate their biological effects (Hokfelt et al., 1975; Ogawa et al., 1985) . These receptors have been designated NKl and NK2, with SP and NKA as their preferred endogenous ligands (see Maggi et al., 1993, for review) . Substantial evidence has now accumulated that suggests a role for neurokinins in nociceptive sensory function and in particular in the mediation ofcentral sensitization (Xu et al., 199 1,1992a,b) . Thus, SP produces slow postsynaptic depolarizations in dorsal horn neurons (Urban and Randic, 1984; Randic et al., 1988) . Neurokinin antagonists strongly suppress slow synaptic transmission (Urban and Randic, 1984; Randic et al., 1988; DeKoninck and Henry, 199 1; Nagy et al., 1993) prevent the development of windup (Kellstein et al., 1990 , Xu et al., 1992b , and attenuate the flexor reflex facilitation evoked by either electrical nerve stimulation or exogenously applied neurokinins (Xu et al., 1992b) . Studies performed with in vitro spinal cord preparations have shown that neurokinin antagonists also attenuate the extracellularly recorded VRP evoked by small-caliber afferent fiber stimulation (Yanagisawa et al., 1982; Otsuka and Yanagisawa, 1988; Nussbaumer et al., 1989; Woodley and Kendig, 199 1; Thompson et al., 1993a) and under certain circumstances attenuate the temporal summation of these potentials that leads to windup (Thompson et al., 1993a) . In previous studies, differing roles for the activation of the NKl and NK2 classes of neurokinin receptors were suggested. This was dependent upon modality, intensity, and duration of afferent input (Thompson et al., 1993a) . The present study has further assessed the role of the NKl and NK2 receptor activation in the generation of the prolonged VRP and windup. The contribution of different neurokinin receptors has been assessed in naive rats and in animals in which hyperalgesia had been established following brief UV irradiation of one hindpaw. Characterized as a model of prolonged hyperalgesia, this model has been shown to display features of hyperalgesia that may be sustained by both peripheral and central mechanisms .
Materials and Methods
CJV irradiation of the hindpaw. Hyperalgesia was induced in neonatal rat pups using the method-previously described in detail for adult rats . The nlabrous surface of the left hindpaw of neonatal SpraguelDawley rat pips (8-l 2 d old) was exposed to a cold UVA light source (365 nm, 69 nW/cm2) for 90 sec. This exposure was repeated 18 hr later.
Behavioral testing. On each of the following days l-6 (designated UVl-UV6) separate groups of four rat pups were placed into a transparent, Perspex box. The withdrawal latency of each hindpaw to a focused radiant heat beam was measured in a pseudorandom manner; hence, animals were not tested in sequence and no individual animal had both paws tested sequentially. A 2 min interval was kept between tests. The paw temperature was measured with a thermistor and plotted as a function of time following stimulus presentation, from which an estimate of heat threshold for paw withdrawal could be obtained. The mechanical threshold of the hindpaws was measured in separate groups of four animals from UVl to UV5 using a modified Randall-Sellito paw pressure test. The plantar surface of the left hindpaw of a lightly restrained rat pup was placed upon a flat Perspex stage. The pressure on a second flat Perspex probe placed on top of the foot was gradually increased. The end point was measured as the pressure at which the paw was withdrawn from between the probes. Each group of four animals was tested only once.
In naive rat pups, reflex thresholds are known to increase with age. Hence, neonatal animals have much lower mechanical thresholds than adult rats (Fitzgerald et al., 1987) . Rat pups were therefore exposed to the UV radiation at a suitable postnatal age (postnatal days 8-12; PND 8-12) so that all animals were within 4 d of age when the behavioral testing was carried out (PND 12-l 5). Control groups of rat pups were tested alongside UV-treated animals and consisted of age-matched untreated animals (naive rat pups).
In vitro preparation and recording. The extent of the thermal and mechanical hyperalgesia observed following the second UV treatment was maximal between days 1 and 3, with no significant difference in the degree of hyperalgesia obtained between these two times. In the present study, therefore, spinal cords from animals on the first day following the final UV irradiation (UVl) were further analyzed for physiological and pharmacological studies and taken as representative for this period of the hyperalgesia. Spinal cords from UV4, UV5, UV6, or hemisected cords contralateral to the UV lesion were not tested in this study. Hemisected spinal cords ipsilateral to the UV lesion were prepared from UVl treated and naive animals using identical surgical procedures. Animals were deeply anesthetized following Enflurane inhalation and the spinal column containing all thoracic and sacral segments was rapidly removed and submerged in oxygenated Krebs solution (in mM: NaCl, 138.0; KCl, 1.35; NaHCO,, 21.0; NaH,PO,, 0.58; MgCl,, 1.16; CaCl,, 1.26; glucose, 10.0) at 4°C. The spinal cord was subsequently removed from the spinal column and hemisected in Krebs' solution at 4°C constantly oxygenated and perfused. The left-hand side hemisected spinal cord was routinely used and extended from T6/7 to the cauda equina. A recovery period of at least 2 hr was left between removal of the cord and recording. A major portion of the primary afferent fibers innervating the plantar surface of the rat hindpaw have cell bodies distributed in the L5 dorsal root ganglion (Molander and Grant, 1986) . Responses were therefore recorded from the L5 ventral root following stimulation of the ipsilateral L5 dorsal root in all experiments (L5 DR-VRP). Spinal cords were placed in a Perspex recording chamber (1 .O ml approximate volume) and superfused at 5 ml/min with the same modified oxygenated Krebs solution at room temperature (1% 22°C). The L5 dorsal root was stimulated via a glass suction electrode with constant current stimuli at a distance of approximately 15 mm from the dorsal root entry zone. Initial experiments were carried out to determine the electrical thresholds for dorsal root afferent fiber activation. In these experiments the dorsal root, dorsal root ganglia, and peripheral nerve were taken from animals of the same age and receiving the same treatments as for the spinal cord experiments. In four experiments the compound action potential (CAP) was recorded from the sciatic nerve following single shock electrical stimulation of the dorsal root via the suction electrode. The following stimulation intensities were used throughout the present study: 5 V for 20 hsec represented 2 x Th (twice threshold) intensity for the activation of a single rapidly conducting CAP (see Fig. 3 ). In addition to the fast-conducting CAP, a discrete long-latency CAP, which reflected the activation of slowly conducting unmyelinated and thin myelinated afferent fibers, was evoked by 50 V, 200 psec pulses. This stimulus intensity also represented 2 x Th for the slowly conducting afferent fiber wave. A closely fitting glass suction electrode placed over the L5 ventral root in close contact to the ventral horn was used to record the ventral root potential (VRP) evoked by dorsal root stimulation. Stable DC recordings of the evoked' VRPs could be recorded for several hours by this method. CAPS and VRPs were amplified and digitized using an Axon instruments Labmaster TL-1 DMA interface and recorded onto hard disk using SCAN software (J. Dempster, Strathclyde University).
Drugs and solutions. All drugs were made up from frozen aliquots dissolved to their final concentration in the Krebs solution prior to application and perfused to the recording chamber as indicated. We have previously demonstrated that racemic CP-96,345 acts as a competitive antagonist against substance P methyl ester (SPOMekinduced responses in the neonatal rat spinal cord preparation with an apparent affinity coefficient (pKB = 7.25) similar to that reported elsewhere (Beresford et al., 199 1) . The concentration of RP,67580 used in the present experiments (100 nM) was in excess of the IC,, (16.1 nM) previously calculated for its action against SPOMe-induced responses in the rat spinal cord preparation (Thompson et al., 1993a) . The concentration of MEN,10376 (100 nM) used in the present study was the same as that previously shown to abolish completely and specifically NRA (300 tn.&evoked depolarizing responses in deep dorsal horn neurons in the neonatal rat spinal cord in vitro (Nagy et al., 1993) . Drugs were applied by bath perfusion to the spinal cord. MEN, 10376 was applied 40 min prior to and during testing in all cases and its effects were completely reversed following 30 min wash. CP-96,345, RP,67580, and RP,6865 1 were applied 20 min prior to testing in all cases and effects were reversed following 20 min wash.
Characteristics of the VRP. Previous studies (Thompson et al., 1992 (Thompson et al., , 1993a have demonstrated several components to the VRP following electrical stimulation of the ipsilateral dorsal root that may be distinguished by their response threshold, response latency, and pharmacological profile. Briefly, the early component of the VRP is a shortduration A-fiber evoked wave, resistant to NMDA receptor antagonists but sensitive to the non-NMDA receptor antagonists. Stimulus intensities that recruit slowly conducting C-fibers evoke a very long duration VRP consisting of the early NMDA-resistant component also observed with the low-intensity stimulation, a longer-latency slow NMDA-sensitive component, and a further very long duration prolonged component ( Fig. 1 ). This prolonged component is NMDA resistant, has its peak amplitude at a latency of approximately 2.0 set, and is only present at stimulus strengths sufficient to activate slowly conducting unmyelinated and thin myelinated afferent fibers (Thompson et al., 1992) . In our present experiments the following parameters of the VRP were measured.
(1) Following low-intensity dorsal root stimulation, the peak amplitude and the integrated VRP area were measured between 0 and 2.0 set latency. This period encompassed the whole of the low-threshold evoked response. (2) Following high-intensity stimulation the prolonged VRP area was measured between 0 and 4.0 set latency. This area contained the whole of the NMDA-dependent slow VRP component and the majority of the NMDA-independent prolonged response. The prolonged VRP amplitude was measured at a latency of 2.0 set, the peak latency of this wave (see Fig. 1 ). (3) The early and prolonged VRP duration following either low-or high-threshold afferent fiber stimulation was measured as the time to return to baseline potential. Statistical evaluation was carried out using methods in Snederor and Cochran (1978) . One-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test or a Student's t test assuming equal variance was carried out as appropriate. All values in the text are expressed as mean f SEM.
Results
Thermal and mechanical hyperalgesia following UV irradiation On the first day following UV treatment (UVl) a marked erythema was present in the treated paw without evidence of tissue damage. Inflammation of the ipsilateral paw was present by day 2 and persisted throughout UV3-UV4. Typically, blistering of the glabrous skin with some weeping was apparent by UVS. Throughout this period no sign of inflammation or injury was present on the contralateral untreated hindpaw. The animals did not appear to be in distress over this time period and continued to feed and groom and develop at a normal rate compared to litter mates. Figure 2 shows the time course of the mean paw withdrawal latencies to a thermal stimulus and mean paw pressure tolerated for groups of UV-treated animals following the final UV treatment in comparison to age-matched naive rat pups. Thermal hyperalgesia, recorded as a significant drop in the paw withdrawal latency from a radiant heat beam, was present in both the ipsilateral and contralateral hindpaws throughout the period of testing. On UVl the withdrawal latency of the ipsilateral hindpaw was significantly reduced to 5.3 & 0.48 set (p < 0.01, t test; n = 11). This represented 40.8 ? 3.9% of control value (13.2 f 0.5 set). On UV3 the withdrawal latency had further Thermal Hyperalgesia
Time (days)
Mechanical hyperalgesia
Time (days). UV at time = 0 fallen to 4.5 rt 0.29 set (n = 4; 33.7 * 2.2% of control). This corresponded to a heat threshold for paw withdrawal of approximately 37°C compared to approximately 46°C in naive animals. Partial recovery of the paw withdrawal latency was apparent on UV5. Full recovery of the ipsilateral paw withdrawal latency had not taken place by UV6, when the testing ended. A significant contralateral thermal hyperalgesia was also present that was maximal on UV3 (withdrawal latency 7.25 -t 0.29 set, 54.2 f 2.1% of control; p < 0.0 1, t test; n = 4). This corresponded to a heat threshold for paw withdrawal of approximately 4O.o"C. The contralateral thermal hyperalgesia also persisted to UV6 (p < 0.01). . GI phs illustrate the thermal and mecl mica1 hyperalgesia observed in the treated (ipsilateral) and untreated (contralateral) hindlimb in the neonatal rat following two successive UV exposures given 18 hr apart. The final UV treatment was given on day 0. Thermal hyperalgesia was apparent on the first day following treatment and was maintained at a significant level for 6 d. Mechanical hyperalgesia was significant at day 1 and fully reversed by UV day 5. All animals were between postnatal days 12 and 15 of age at time of behavioral testing. *, p < 0.05; **, p < 0.0 1; unpaired t test assuming equal variance.
Mechanical hypersensitivity
was also observed as a significant decrease in the mean paw pressure threshold in both ipsilateral and contralateral hindpaws. On UVl the weight tolerated by the ipsilateral hindpaw was 108.7 f 17.37 gm; this represented 52.6 * 8.4% ofcontrol weight tolerated by naive animals (206.4 f 13.8 gm; p < 0.01, t test; n = 11). By UV3 the weight was 57.5 + 11.2 gm (n = 4; 27.3 f 5.3%) compared to a control weight of 2 10.0 + 10.0 gm (n = 4). Contralateral values for UVl and UV3 were 133.7 + 9.8 gm (n = 11; 67.6 + 5.0%) and 126.2 t-9.4 gm (n = 4; 53.7 + 4.0%), respectively. Both ipsilateral and contralateral paw pressure tolerance was not significantly different from naive scores by UV5. Characterization of VRP: single shock evoked VRP Hemisected spinal cords were prepared from a total of 11 UV 1 treated animals taken immediately following behavioral testing. Hemisected spinal cords (left-hand sides) from 13 age-matched naive rat pups were used in control experiments.
In preliminary experiments the CAP was measured from the sciatic nerve following single shock electrical stimulation of the L5 dorsal root in both UV-treated and naive age matched rat pups. Low-intensity electrical stimulation (5 V, 20 cc.sec) evoked a short-latency CAP (Fig. 3A, inset) . The conduction velocity (CV) of this wave recorded from the sciatic nerve was between 3.52 and 5.25 m set-I. No significant difference was observed in the threshold or CV of the low-intensity CAP between naive and UV-treated animals. Figure 3 shows the corresponding VRPs recorded in response to a single shock low-intensity stimulus to the L5 DR in naive and UVl treated animals. No significant difference was measured between the VRP amplitude or integrated area (measured between 0 and 2.0 set following stimulus artifact) between naive and UV-treated animals. The duration (11) * I of the low-threshold afferent fiber evoked VRP was significantly greater however, in UV-treated rat pups than in naive animals (p < 0.01; Table 1 ).
High-intensity electrical stimulation of the L5 DR (50 V, 200 psec) in addition to the rapidly conducting CAP also recruited a slowly conducting CAP in the sciatic nerve (0.27-0.32 msec*; Fig. 3B, inset arrow) . The threshold and CV of this slowly conducting CAP were similar in both naive and UV-treated animals and presumably represented conduction in unmyelinated and thin myelinated afferent fibers. The corresponding ventral root response is shown in Figure 3B . Typically, a very long duration prolonged VRP was recorded from the L5 ventral root. The difference measured in the integrated area of the prolonged VRP stimulation of low-threshold afferent fibers was given for the period indicated by the horizontal bar. Ai, Spinal cords from untreated animals were unable to sustain any summated depolarization at low stimulus intensities. Aii, In UVtreated animals a substantial and sustained depolarization was evoked following identical low-threshold afferent fiber stimulation as that given in Ai. Bi, Repetitive low-frequency (1 .O Hz) stimulation of high-threshold afferent fibers delivered during the period indicated by the horizontal bar evoked a maintained summated depolarization in untreated animals. Bii, Identical stimulation in UV-treated animals evoked a summated VRP significantly greater in amplitude. C, Graph comparing the VRP amplitude evoked in treated and untreated animals following repetitive low-and high-threshold afferent fiber stimulation. The summated VRP amplitude evoked by lowthreshold (LT) afferent fiber stimulation in UV-treated animals (solid bars) was significantly greater than in naive animals (open bars) at all stimulation frequencies (1.0 and 5.0 Hz shown). The high-threshold (HT) afferent fiber evoked summated VRP (solid bars) was also significantly greater in UV-treated animals at all stimulation frequencies. *, p < 0.05, unpaired t test.
or the VRP amplitude between naive and UV-treated animals was not significant.
However, the VRP duration was significantly greater in UV-treated animals than in naive rat pups (p < 0.05, t test; Table 1 ).
Summated VRP evoked by repetitive stimulation High-threshold aferent stimulation. A low-frequency (1 .O-5.0 Hz), high-intensity dorsal root stimulation for 20.0 set evoked a temporal summation of the prolonged VRP that results in a summated VRP (Thompson et al., 1992 (Thompson et al., , 1993a that evoked at comparable frequencies of stimulation in naive animals (0.36 + 0.05 mV, n = 10 at 1.0 Hz; 0.61 f 0.07 mV, n = 10 at 5.0 Hz; p < 0.05, t test; Fig. 4 ). Low-threshold repetitive afferent fiber stimulation. In naive animals, repetitive stimulation at low stimulus intensities, which activates only the rapidly conducting A-fiber wave on the CAP, did not evoke a significant summated VRP at any frequency of stimulation tested up to 10.0 Hz. This reflects the inability of low-threshold afferent fiber input under normal conditions to evoke windup in the spinal cord. In UVl animals, however, a substantial summated VRP was evoked following low-threshold afferent fiber stimulation at both 1 .O Hz (0.17 f 0.03 mV, n = 8) and 5.0 Hz (0.41 * 0.08 mV, n = 8) (Fig. 4 .4,C) that was significantly different from that measured in naive animals (p < 0.05, t test). The summated VRP evoked by 5.0 Hz repetitive A fiber stimulation in UV-treated animals gave an equivalent Middle truces, The nonpeptide NKl antagonist RP,67580 (100 nM) applied for 20 min did not effect the prolonged VRP in naive animals. Following UV treatment the effect of this antagonist is highly significant (arrows). Lower traces, The effect of the peptide NK2 antagonist MEN,10376 (100 nM) is significant in both naive and UV-treated animals (arrows). All panels show control, wash, and drug traces (arrows). All traces are an average of four responses.
mean amplitude of depolarization to that evoked following 1 .O Hz high-threshold afferent fiber stimulation in naive animals (Fig. 4C) .
Effect of NMDA and neurokinin receptor antagonists upon the single shock evoked VRP A-jiber evoked response. The effects of the NMDA and neurokinin receptor antagonists upon the early VRP following single shock low-threshold afferent fiber stimulation are shown in Figure 5 and summarized in Table 2 . D-AP~ (20 PM) significantly reduced the area, peak amplitude, and duration of the evoked early VRP compared to control in both naive and UVl animals. No significant difference was present between the effect ofD-AP5 in naive or UV 1 treated animals. The nonpeptide NK 1 receptor antagonists RP,67580 (100 nM) and the peptide NK2 receptor antagonist MEN, 10376 (100 nM) had no detectable effect upon any parameter of the A-fiber evoked early VRP in either naive or UV-treated animals. The NKl receptor antagonist CP-96,345 (500 nM) significantly reduced (74.2 * 11.9% of control) only the area of the A-fiber VRP in UVl -treated animals. RP,6865 1 (100 nM) had no significant effect upon any measured parameter.
High-threshold afferent evoked response. Figure 6 shows the effect of the neurokinin and NMDA receptor antagonists upon the prolonged VRP evoked following single shock stimulation of high-threshold dorsal root afferent fibers. In naive animals the prolonged VRP area was significantly reduced (p < 0.05, ANOVA) following bath application of D-AP~. This reduction was restricted to the early portion of the response (O-2 set latency). The mean VRP amplitude measured at latency of 2.0 set and VRP duration were unaffected by the NMDA antagonist. In naive animals no significant differences from control values were observed in any measured parameter of the prolonged VRP following 20 min bath application of either the active or inactive NKl antagonists CP-96,345 (500 nM), RP,67580 (100 nM), or RP,68651 (100 nM). Following superfusion with MEN,10376 (100 nM), however, the prolonged VRP area and amplitude were significantly reduced (p < 0.05, ANOVA, see Table 3 ). The VRP duration, however, was not significantly effected. These results confirm that under normal circumstances NMDA and NK2 receptor activation but not NKl receptor activation contribute to the different but overlapping components of the prolonged VRP. Figure 6 also shows the effects of NMDA and neurokinin antagonists upon the prolonged VRP evoked in UVl animals. Bath application of 20 pM D-AP5 significantly reduced the prolonged VRP area (p < 0.05, ANOVA). This reduction was confined to the early portion of the response and was not significantly different from the effect of D-AP~ in naive animals ( Table 3 ). The prolonged VRP amplitude and duration were similarly unaffected by D-AP5 in UVl treated animals as in naive animals. In contrast to naive animals, however, the NKl receptor antagonists CP-96,345 and RP,67580 both produced a significant reduction in the integrated area and amplitude of the prolonged VRP (p < 0.05, ANOVA). In particular, the effect of RP,67580 upon the area and amplitude of the prolonged VRP in UV 1 treated animals was significantly different from its effect upon the same parameters in naive animals (p < 0.05, ANOVA, see Table 3 ). The prolonged VRP duration was also significantly reduced in UVl animals in the presence of RP,67580 (p < 0.05, ANOVA), an effect significantly different from that in naive animals (p < 0.05 ANOVA). The inactive enantiomer RP,6865 1 did not have any significant effect upon any parameter. The effect of the NK2 receptor antagonist MEN, 10376 (100 nM) upon all three parameters of the prolonged VRP in UV 1 treated animals was not significantly different to its effect in naive animals (see Table 3 ).
The effect of NMDA and neurokinin receptor antagonists upon the summated depolarization evoked by repetitive stimulation Low-threshold afferentjber repetitive stimulation. In naive animals, repetitive low-threshold afferent fiber stimulation did not produce any sustainable summated depolarization, so the effects of NMDA or neurokinin receptor antagonists were not tested. The effect of these antagonists upon the summated VRP evoked following repetitive low-intensity stimulation in UV 1 animals is shown in Figure 7 . A significant reduction (p < 0.05 in each case, ANOVA) in the amplitude of the summated VRP was produced by D-APS (42.8 + 6.0% of control, n = 5), RP,67580 (82.1 -t 6.2% of control, n = 6), CP-96,345 (62.0 f 7.4% of control, n = 6), and MEN,10376 (71.6 ? 8.2% of control, n = 1 1).
High-threshold aferent jiber repetitive stimulation. In naive animals the amplitude of the summated VRP evoked following repetitive high-threshold afferent fiber stimulation was significantly reduced following bath application of (68.0 +-2.6% of control, n = 39; p < 0.05, ANOVA). No significant effect of any NKl or NK2 receptor antagonist was observed upon the amplitude of this potential (Fig. 8B) . In UVl animals the amplitude of the summated VRP was also significantly reduced from control in the presence of D-AI?
(52.8 f 6.0% of control, n = 5; p < 0.05, ANOVA) and this effect was significantly greater than that observed in naive animals (p < 0.05 ANOVA). In UVl animals the summated VRP amplitude was significantly reduced following bath application of RP,67580 (89.9 ? 2.4% ofcontrol, n = lo), CP-96,345 (70.2 ? 3.8% of control, n = 12), and MEN,10376 (87.8 ? 3.4% of control, n = 13) (see Fig. 8 ). The effects of RP,67580 and CP-96,345 in UVl animals were significantly different from their effects in naive animals. There was no significant effect of RP,6865 1 upon the amplitude of the summated VRP.
Discussion
These experiments have demonstrated that a prolonged hypersensitivity of the hindlimb flexor reflex may be produced in neonatal rat pups following a unilateral peripheral injury. Using the novel approach of recording extracellularly from spinal cords maintained in vitro prepared from hyperalgesic animals, we have observed a marked plasticity of spinal cord function associated with the behavioral hypersensitivity.
Extrapolation of the present results to fully adult animals may be complicated because of the relative immaturity of the animals used. However, we have used rat pups toward the end of the second postnatal week, the time at which the neurochemical and anatomical appearance of C-fiber terminals in the dorsa! horn of the spinal cord approaches that of the adult (Fitzgerald and Gibson, 1984) , the physiological function of C-fibers is virtually established (Fitzgerald, 1985) and the appearance of the cutaneous afferent volley closely resembles that of the adult (Fitzgerald, 1985) . At this age, however, the flexion reflex threshold is still lower than in the adult (Fitzgerald et al., 1987) but is beyond the time (PND O-7) whereby innocuous as well as noxious peripheral stimuli may evoke the flexion reflex (Fitzgerald et al., 1987) . By using age-matched untreated rat pups as controls, however, we have demonstrated that the hindlimb flexion reflex shows a reliable and prolonged sensitization in response to injury.
UV irradiation has been used previously to induce acute sensitization of afferent fibers (SzolcsBnyi, 1987) and to produce acute inflammation of the hindpaw (Gillardon et al., 1991) . Recently this model has also been shown to display features of both acute and prolonged hyperalgesia . In the present study both thermal and mechanical hypersensitivity bars in UV-treated animals is shown. Summated VRP amplitudes were measured between the urrows. All of the antagonists used had a significant effect upon the summated VRP amplitude. B, The graph shows the percentage change in VRP amplitude following drug application compared to control value in the absence of drug (0%). All compounds produced a significant reduction in VRP amplitude (*, p < 0.05, ANOVA); numbers of observations are in parentheses.
were reliably recorded in the ipsilateral treated hindpaw as well era1 hyperalgesia and reductions in contralateral flexor reflex as in the contralateral untreated paw. The time course of the thresholds have also been demonstrated in adult animals folhypersensitivity in the contralateral paw mirrored that of the lowing a localized thermal injury to the hindpaw (Woolf, 1984) . ipsilateral paw, and both returned to control levels faster than Cutaneous and deep tissue injury also produce an increase in observed in the adult animals (Perkins et al., 1993) . Contralatthe ipsilateral and contralateral flexion withdrawal reflex in re- produced a significant reduction from control amplitude in both UV-treated and untreated animals (*, p < 0.05, ANOVA) with a significantly greater effect in UVtreated animals (#, p < 0.05, ANOVA). Neither NKl antagonist (CP-96,345 or RP,67580) produced any significant effect from control in untreated animals. However, in UV-treated animals both antagonists produced a significant reduction in summated VRP amplitude (*, p < 0.05, ANOVA) from control. The NK2 antagonist MEN, 10376 (100 nM) did not produce any significant effect in untreated animals but a small significant depression in UV-treated animals (*, p < 0.05, ANOVA). Number of observations is in parentheses. (Woolf, 1983; Woolf and McMahon, 1985) . The characteristics of the contralateral reflex were not examined in our present experiments in vitro but require further careful analysis.
No change was detected in the threshold -or conduction velocity of either the A or C wave compound action potential evoked following electrical stimulation of the dorsal root. There is no evidence to suggest that inflammation-induced sensitization of afferent terminals may influence the electrical threshold Naive of the acutely sectioned proximal axon. However, UV irradiation of the adult rat hindpaw induced an increase in spontaneous activity in high-threshold afferent fibers (SzolcsBnyi, 1987; Andreev and Dray, 1992) . In a recent study where the responses of dorsal horn cells were recorded following UV-induced injury, dorsal rhizotomy partially reduced spontaneous activity in spinal cord neurons presumably by removing the source of this peripherally generated activity . In the present study dorsal rhizotomy was performed in both UV-treated and naive spinal cords. Following electrical stimulation of the sectioned dorsal roots, therefore, it is likely that the evoked afferent volley is similar in both UV-treated and naive isolated spinal cord preparations.
Changes in the ventral root responses evoked following afferent jber stimulation The duration of both the A-and C-fiber evoked VRP was significantly enhanced in UV-treated animals when compared to naive animals. Several mechanisms may account for these observations. Peripheral tissue injury, inflammation, or nerve injury produces extensive alterations in the properties of spinal cord neurons. For example, the peripheral receptive fields of dorsal horn neurons increase in size following thermal or mechanical injury (McMahon and Wall, 1984; Laird and Cervero, 1989) or following the injection of chemical irritant substances into joints and skin (Calvin0 et al., 1987; Schaible et al., 1987; Hylden et al., 1989; Simone et al., 1989) . These modifications in receptive field properties may also be mimicked by brief highintensity electrical nerve stimulation (Cook et al., 1987) . The cutaneous receptive fields of flexor motoneurons also exhibit similar dynamic changes following injury or high-threshold electrical nerve stimulation (Woolf, 1983; Woolf and McMahon, 1985; Woolf and Wall, 1986) . These changes are generally considered to be mediated by alterations in excitability within the spinal cord (see Treede et al., 1992, for review) . Similar changes in receptive field properties were evoked by UV-induced inflammation of the hindpaw in the rat . In this case the spontaneous activity and responses of dorsal horn neurons to noxious thermal and mechanical stimuli were also significantly increased. Moreover, spontaneous and evoked activity was only partially reduced following dorsal rhizotomy, indicating that the increase in responsiveness was in part centrally mediated. In the present experiments enhanced afferent evoked ventral root responses were recorded in an isolated spinal cord maintained in vitro. This also suggests that centrally mediated excitability changes are responsible.
The summated VRP evoked by low-frequency repeated stimulation of high-threshold dorsal root afferents (Thompson et al., 1993a,b) is considered to reflect the cumulative depolarization of membrane potential of ventral horn neurons. This is a complex phenomenon that has been described in detail elsewhere (Sivilotti et al., 1993) and underlies the phenomenon ofwindup, and may be used as an index of central sensitization within the spinal cord (Thompson et al., 1993b ). The present experiments have shown that the final amplitude of this summated VRP was significantly enhanced following a peripheral inflammation. One of the most striking features, however, was the observation that following UV inflammation, repeated low-frequency stimulation of A-fiber afferents also evoked a summated VRP, comparable in amplitude to that evoked following C-fiber stimulation in control animals. Repetitive A-fiber inputs in naive animals never evoked any significant summated VRP. Indeed, repeated low-threshold inputs to motoneurons in the neonatal rat spinal cord in vitro may exhibit prolonged, frequency-dependent synaptic depression (Lev-Tov and Pinto, 1992) . Previous experiments have shown that the cumulative depolarization of membrane potential of spinal cord cells;evoked following high-intensity repetitive electrical stimulation, was partially dependent upon the duration of the single shock evoked composite synaptic potential. The temporal summation of synaptic events was only assured when the postsynaptic depolarization exceeded the interstimulus interval in duration and consequently summated (Thompson et al., 1990) . This mechanism, however, does not normally operate during repeated A-fiber stimulation since temporal summation of low-threshold evoked synaptic potentials did not occur even at high-rates of stimulation frequency (Thompson et al., 1990; Lev-Tov and Pinto, 1992) . Of importance here, therefore, is the finding that the rate of rise of membrane depolarization following repetitive stimulation is a more accurate predictor of the final amplitude of the cumulative depolarization (Sivilotti et al., 1993) . The duration of the A-fiber evoked VRPs, however, was sufficiently large following UVinduced inflammation to permit a substantial temporal summation following low-frequency stimulation. Of significance here is that both NKl and NK2 receptor antagonists reduce the amplitude of the A-fiber evoked summated VRP. This suggests peptidergic containing polysynaptic dorsal horn circuits, normally responsible for relaying information from high-threshold nociceptors, may be accessed by A-fiber input following periphery injury or inflammation. A more detailed pharmacological analysis of the relative potencies of neurokinin antagonists against the low-and high-threshold afferent evoked responses may provide some insight into the mechanisms involved. Neuropeptides are known to be present within dorsal horn interneurons and may be detected following dorsal rhizotomy (Ogawa et al., 1985) . Intracellular analysis of the organization of dorsal horn neuron receptive fields has demonstrated that nociceptive-specific dorsal horn neurons have a substantial subthreshold input from low-threshold afferent fibers (Woolf and King, 1989) and this may contribute to the dynamic changes in dorsal horn cells observed following injury. Thus, nociceptive specific neurons, which prior to the application of algesic chemicals to the skin had a subthreshold touch input, became suprathreshold following the injury . In keeping with these observations, the present study has shown that following UV-induced inflammation a previously innocuous A-fiber stimulus was able to evoke a response similar to that produced by repeated C-fiber stimulation. These changes in spinal excitability may in part account for the marked mechanical hyperalgesia observed in our behavioral study. In addition spinal excitability changes evoked by A-fiber induced stimulation might relate to one of the features of clinical pain, allodynia, in which stimulation of low-threshold mechanoreceptors evokes the sensation of pain. Prior conditioning of spinal cord circuitry by C-fiber discharges is, however, a prerequisite (LaMotte et al., 1991; Torebjork et al., 1992; Gracely et al., 1993) .
Contribution of NMDA and neurokinin receptor activation to aferent evoked responses The characteristics of the VRP observed in the present study were similar to those observed in previous studies (Brugger et al., 1990; Woodley and Kendig, 1991; Thompson et al., 1992 Thompson et al., , 1993a . Single shock electrical stimulation of the dorsal roots at a strength sufficient to recruit a fast-conducting compound action potential evoked a short-latency early VRP (Fig. 1) followed by short-duration residual polysynaptic activity in both naive and UV-treated preparations. In both preparations the monosynaptic component of the early response was unaffected by either NMDA or neurokinin receptor antagonists and is presumably mediated'by activity at the non-NMDA class of excitatory amino acid receptor. This component of the reflex was also unaltered following UV-induced inflammation. Similar findings have been reported in vivo, where no changes in the al., 1990; Takeda and Krause, 1991) . The excitatory effects of properties of the monosynaptic reflex could be detected follow-SP upon dorsal horn neurons are well documented (for review, ing the induction of central sensitization in the rat spinal cord see Fleetwood-Walker and Mitchell, 1989) . by a brief C-afferent fiber conditioning stimulus (Cook et al., It seems unlikely that the activation of the NKl receptor 1986). Presently the residual polysynaptic activity was equally depends upon the activation of specific C-afferent fiber inputs, and significantly antagonized by D-AP5 but not by the neurosince the electrical stimulation parameters used in the present kinin receptor antagonists in both preparations. This indicated study would be likely to recruit the majority of fibers within the that considerable activation of NMDA receptors occurred even stimulated dorsal root. NKA is known to be released within the when only A-fibers were stimulated. Although there is some evidence of NMDA receptor activation during monosynaptic EPSPs (Sillar and Roberts, 1988; Ziskind-Conhaim, 1990 ) and for monosynaptic PSPs (Konnerth et al., 1990) , NMDA receptor activation has been shown to participate only in the decay phase of the monosynaptic EPSP evoked in deep dorsal horn neurons following A-fiber stimulation in neonatal rat spinal slices (Gerber and Randic, 1989b) . It is most likely, therefore, that the D-APS-sensitive component represents residual polysynaptic activation of motoneurons.
In both naive and UV-treated preparations the slow (O-2 set latency) but not the later portion of the prolonged VRP evoked following high-threshold afferent fiber stimulation was significantly depressed by D-AP5. The major portion of the prolonged ventral root response in both naive and UV-treated preparations, however, is resistant to D-APS. Prolonged D-APS-resistant synaptic and ventral root potentials have been regularly demonstrated (Thompson et al., 1990 (Thompson et al., , 1992 Woodley and Kendig, 199 1) that on the basis of their inhibition by peptide receptor antagonists (mainly spantide) have been attributed to the release of neurokinins from the central terminals of C-afferent fibers (Urban and Randic, 1984; Agaki et al., 1988 , Randic et al., 1988 . Both SP and NKA are present in the central terminals of C-afferent fibers (HGkfelt et al., 1975; Cue110 and Kanazawa, 1978; Ruda et al., 1986) and act preferentially at the NKl and NK2 receptor sites, respectively (Maggi et al., 1993 ). Presently we have confirmed our earlier findings (Thompson et al., 1993a) in demonstrating that the selective NK2 receptor antagonist MEN,10376 but not the NKl receptor antagonists CP-96,345 or RP,67580 significantly reduces the amplitude and area of the prolonged C-fiber evoked VRP in naive animals. Consistent with these findings was the observation that the prolonged excitation of dorsal horn neurons evoked by capsaicin was similarly antagonized by NK2 but not NKl receptor antagonists (Nagy et al., 1992) . NK2 receptor antagonists have also been shown to antagonize the responses of dorsal horn neurons in vivo following both brief noxious thermal stimulation ) and the more prolonged response evoked following the cutaneous application of algogenic substances (Munro et al., 1993) . NKl receptor antagonists were ineffective in these studies. On the other hand, evidence exists for the involvement of the NKl receptor in mediating the responses of dorsal horn neurons to acute high-intensity afferent fiber stimulation and cutaneous noxious stimuli (DeKoninck and Henry, 199 1; Radhakrishnan and Henry, 199 1) . However, these studies must be interpreted cautiously because of the potential nonspecific depression by CP-96,345 of L-type calcium channels (Schmidt et al., 1992) . The lack of effect of the NKl receptor antagonists is nevertheless puzzling since both SP and NKA are released into the dorsal horn following high-threshold afferent fiber stimulation (Go and Yaksh, 1987; Duggan et al., 1988) and binding sites for both ligands are present in the spinal cord, although these vary greatly in levels and distribution Helke, 1985, 1986; Buck et al., 1986; Yashpal et dorsal horn by noxious but not tissue damaging stimuli while SP is released by noxious mechanical stimulation but not by acute noxious thermal stimulation, at least within the functional range of the polymodal C-afferent fibers (Duggan et al., al., 1988; Kuraishi et al., 1989; Tiseo et al., 1990) . Measurable release of SP occurred most consistently following thermal stimuli sufficient to evoke acute inflammatory changes (Duggan et al., 1988) or following the induction ofjoint inflammation . In keeping with these observations in the present study, NKl receptor activation was only observed following a peripheral injury. Recent studies in vivo have also shown that NKl receptor antagonists do not depress the baseline flexor reflex threshold evoked by stimulation of cutaneous C-afferents but are effective in blocking both the windup evoked following a low-frequency conditioning train as well as the prolonged postconditioning facilitation of the reflex evoked either by SP application or by low-frequency cutaneous C-fiber stimulation (Xu et al., 1992a,b) .
Several studies using different inflammatory models have reported elevated levels of neuropeptides in sensory neuron cell bodies and peripheral terminals (Lembeck et al., 198 1; Noguchi et al., 1988; Weihe et al., 1988; Donnerer et al., 1992) . Indeed, increases in the levels of SP and calcitonin gene-related peptide have been shown in sensory neuron cell bodies following UV irradiation of the rat hindpaw (Gillardon et al., 1992) . Unilateral peripheral inflammation is also known to induce a selective upregulation of the NKl receptor in the rat spinal cord (SchHfer et al., 1993) . Increased transport and release of SP acting upon an enhanced NKl receptor complement may contribute to the novel NKI receptor activation observed in the present study following UV induced injury.
In summary, our present experiments have shown that prolonged C-fiber evoked ventral root responses, which underlie the phenomenon of windup, are not affected by NKl receptor antagonists under normal conditions. The enhanced C-fiber evoked response observed following peripheral injury, however, shows a significant NKl receptor component that is associated with a behavioral hyperalgesia while the NK2 receptor component appears unaltered. Under these conditions, repetitive low-frequency A-fiber stimulation produced a reflex response similar to that evoked by C-fibers in normal animals. These changes are thought to contribute to the phenomenon of central sensitization and relate to the behavioral hypersensitivity observed in the present experiments.
